Controlling the properties of nanostructured zinc oxide (ZnO) is an interesting way to broaden its multifunctionality. ZnO nanostructured films were grown on glass substrates under different conditions by a simple two-step wet chemical method. A low-cost successive ionic layer adsorption and reaction (SILAR) method was used to grow ZnO seed layers at 80 C. Then, different hierarchical based ZnO nanostructured thin films were deposited onto the ZnO seed layers by chemical bath deposition (CBD).
Introduction
The wetting behavior of a lm is a combined effect of its surface topography and microstructure, surface free energy, and the chemical composition. 1, 2 In general, surfaces with water contact angle Q $ 90 are hydrophobic and those with contact angles Q < 90 are hydrophilic. 3 The development of semiconductor (SC) metal oxide thin lms of different morphologies with selfcleaning properties is one of the key technologies for optoelectronic applications. ZnO nanostructures exhibit strong spontaneous piezoelectric polarization because of their wurtzite structure, a hexagonal lattice in which the Zn 2+ ions occupy the tetrahedral sites formed by the O 2À ions. 4 ZnO surfaces display better photocatalytic performance in the degradation of hazard dye molecules in both basic and acidic medium. 5 ZnO lms have thermal diffusivity in the range of (4.35-5.03) Â 10 À2 cm 2 s À1 and electrical resistivity varying from 10 À4 to 10 12 U cm.
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The free exciton binding energy of ZnO at room temperature (RT) can be increased from 60 meV to >100 meV in superlattices. 7 These distinctive physicochemical and optoelectronic properties of the transparent ZnO semiconductor material still stimulate enormous awareness for usage in a variety of industrial and technological applications. ZnO lms are suitable for monitoring of some gasses like CO and H 2 S and CH 4 . 8 ZnO is considered as a next-generation light-emitting diode (LED) and room temperature (RT) polariton lasers. [9] [10] [11] [12] ZnO lm can be used as front contact material for dye-sensitized solar cells 12, 13 because of its relatively high optical transmittance in the visible region and conductivity. Also, ZnO nanoparticles (NPs) were used in cosmetics and paints because of its ability to block the UV light.
cleaning. 17 However, hydrophobic and superhydrophobic surfaces can be used in many areas as antifouling, anti-icing, self-cleaning, and liquid transportation. Different approaches have been used to turned the ZnO surfaces from hydrophilic to hydrophobic.
18 UV illumination and long-term dark storage (or heating) are simple methods for the hydrophilic & hydrophobic transition. Also, doping and co-doping with specic elements is another way that could be used to turned the wettability of ZnO surfaces from hydrophilic to hydrophobic for some particular applications and needs. For this purpose, different elements are used as dopants or co-dopants of ZnO lms such as Na, La, Pb, Mg, (Pb-Mg). 5, 19, 20 Also, Thirumalai et al. 21 reported that bentonite supported Bi 2 O 3 -ZnO possesses a signicant hydrophobicity (a contact angle of 126 ) which leads to its selfcleaning property. Additionally, many authors tried to control the morphology of undoped ZnO surface to obtain hydrophobic surfaces or coatings. I.e., control of the self-cleaning property depends on the geometrical structure of lm surface. Especially, nanorods and nanowires ZnO array-based lms almost are hydrophobic and used as self-cleaning coatings on glass.
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Various techniques have been utilizing to prepare hydrophobic ZnO nanostructured lms for self-cleaning application such as magnetron sputtering, spray pyrolysis, thermal oxidation, reactive evaporation, vapor phase epitaxy, electrodeposition, sol-gel, solid-state reaction and, chemical deposition. [23] [24] [25] [26] [27] [28] [29] [30] ZnO nanorods 3 and nanodiscs 25 synthesized by a hydrothermal method as well as ZnO nanowires fabricated using thermal evaporation method, 26, 27 were reported. ZnO nanowires by longpulse-width laser ablation (LPLD) was also reported. 28 Similar results were reported for ZnO nanorods 2 and thin lms prepared by radio-frequency (RF) magnetron sputtering. 31 However, there is high demand for low cost and massive production of hydrophobic ZnO nanostructured surfaces for many applications such as indoor self-cleaning.
Different techniques have been used to develop ZnO nanostructures such as magnetron sputtering, 31 thermal evaporation, 32 atomic layer deposition, 33 vapor phase epitaxy, solid-state reaction, and hydrothermal method. [34] [35] [36] [37] [38] [39] [40] [41] But these techniques required ultra-high vacuum, costly equipment, catalysts, high operation temperatures, or the use of toxic gas compounds. Compared with the previous techniques, controlled fabrication of nanostructured ZnO lms by chemical bath deposition (CBD) is smarter because of its excellent features. This is ascribed to its ability to control the morphology and orientation of ZnO by tuning the process parameters.
42 Also, it is inexpensive, simple, rapid, applicable for large scale production, and working under low temperatures (<100 C) using a variety of substrates. 30 Most of the previous CBD reports mainly focused on the control of the ZnO nanostructures morphology by altering the concentration and temperature of the solution.
43,44
Successive ionic layer adsorption and reaction (SILAR) has attracted particular interest for preparing the ZnO nanostructure due to its simplicity and low-cost. This is beside its capability to achieve large area coatings and ability to control the morphology of nanostructure. 43, 44 Based on the literature survey, there are few reports of nanostructured ZnO thin lms prepared by SILAR technique. Also, most of the previously reported ZnO lms by this method were hydrophilic. Additionally, chemical bath deposition (CBD) is more interest because of its excellent characteristics. The CBD can control the orientation and morphology of ZnO by tuning the fabrication parameters. 45 Also, it is a rapid, simple, inexpensive, applicable for large scale production, and working under low temperatures (<100 C) using a variety of substrates. 46 Most of the previous reports with CBD mainly focused on the control of the ZnO nanomorphology by changing the temperature and concentration of the solution. 47, 48 In the present work, the different fabrication parameters of CBD technique will be controlled and optimized to produce hydrophobic ZnO nanostructured coatings on glass substrates coated with seed layer by SILAR technique. In addition, the inuences of the deposition time and pH value on the morphological, structural, hydrophobic, and optical properties nanostructured ZnO thin lms are reported.
Hydrophobic ZnO nanoarrays have been deposited by several techniques such as pulsed laser deposition, 49 4 OH, Alfa Aesar), sodium hydroxide (NaOH, Alfa Aeasar, 99.6%), hexamethylene tetra-ammine (C 6 H 12 N 4 (HMT), ADWIC, 99%), and hydrochloric acid (HCl, Alfa Aesar, 98%) were used as received from the supplier.
Deposition of ZnO nano-seeds layer
To grow well-nanostructured ZnO thin lms, rst, a nanostructured ZnO seed layer lm was deposited on glass substrates using SILAR method. This ZnO-coated substrate is then used for growing ZnO NRs by using CBD method. It is a very simple and relatively cost-effective method for preparing lms of any preferred composition under controlled conditions. Before use, the glass substrates were washed for 45 min in boiled dilute sulfuric acid (1 : 10 v/v) and then thoroughly rinsed in ethanol, acetone, and deionized (DI) water subsequently. Analytical reagents of ZnSO 4 were dissolved in diluted ammonia to obtain a zinc ammonium complex solution. This solution was then served as a cationic precursor. Double distilled water (DDW) kept at 80 C was used as an anionic precursor. The SILAR growth is a four step process involving subsequent immersion of cleaned glass substrate in cationic and anionic solution along with rinsing the substrate in between in DDW kept at room temperature. In the rst step, the substrate was immersed in a beaker containing Zn(SO 4 
In the second step, the zinc ammonia adsorbed substrate was immersed into a beaker containing DDW for 20 s. As a result, the adsorbed zinc ammonia complex was converted into zinc hydroxide (Zn(OH) 2 ); eqn (2) .
As a third step, the Zn(OH) 2 coated substrate was imperiled for 60 s to ultrasonic agitation for removing loosely bonded zinc hydroxide (Zn(OH) 2 ) molecules. Finally, the zinc hydroxide coated substrate was immersed in the DDW bath which was kept at 80 C for 20 s to convert Zn(OH) 2 to solid ZnO lm, eqn
.
The lm was dried for 15 s before the repeating of the deposition cycle. The as-prepared ZnO seed layer lms were subjected to annealing at 300 C for 1 h. The ZnO seed layer lms were prepared at 20 cycles.
Growth of hierarchical ZnO nanostructure thin lms
The deposition of hierarchical ZnO nanostructured lms onto seed layer lms were carried out by using simple chemical bath deposition (CBD) method. All the chemicals were purchased from Aldrich Chemical Corporation and used without further purication. The chemical bath was prepared by mixing equimolar (0.05 M) aqueous solution of zinc acetate dihydrate Zn(CH 3 COOH)$2H 2 O and hexamethylene tetra-ammine (HMT) were dissolved in 20 ml of DI water. When these two compounds were mixed, no precipitation was observed. Finally, white precipitation was observed aer continued stirring for 20 min. The pH of the reaction was controlled at 4, 5, 6, 7, and 8 by adding a 0.1 M sodium hydroxide (NaOH) or 0.1 M hydrochloric acid (HCl) solution. Aer successful completion of deposition condition, the temperature of the water bath was allowed to cool down to ambient temperature. Finally, the deposited lms were removed from the aqueous solution and cleaned carefully with DI water and acetone for several times to remove residual salts and then dried at room temperature for further characterization.
Samples characterization
X-ray diffraction (XRD, High-resolution Philips X'PertPRO MRD) was used to identify the crystallographic properties of the prepared ZnO lms using Cu Ka radiation (l ¼ 1.5418 A) with a step 0.02. The chemical compositional was analyzed using energy dispersive X-ray (EDX; Oxford Link ISIS 300 EDX). Morphological studies of the fabricated nanostructured lms were carried out using eld emission-scanning electron microscopy, FE-SEM (model: ZEISS SUPRA 55 VP and ZEISS LEO, Gemini Column). Optical spectra in the spectral range 300-1000 nm were measured using UV/VIS/NIR 3700 double beam Shimadzu spectrophotometer at RT. The surface wettability of ZnO thin lms was identied by measuring the water contact angle, WCA(Q). WCA was measured using the sessile drop method by a CAM 200 Optical Contact Angle Meter (KSV Instruments). A 5 ml droplet of deionized (DI) water was positioned on the surface of the sample by a microsyringe. The image of the droplet was captured to measure the angle that formed at the liquid/solid interface. The WCA was measured three times for each sample and the average value was calculated.
3 Results and discussion
Structural studies
The XRD patterns of ZnO nanostructured lms grown at various deposition time, t D , from 2 to 12 h are shown in Fig. 1 . All lms exhibit polycrystalline structures. All the peaks are for the hexagonal wurtzite ZnO and space group C 6V ¼ P6 3 mc (JCPDS-89-0510). 58, 59 All lms show a strong (0 0 2) diffraction peak at 34. 40 and grow preferentially perpendicular to the substrate surface along c-axis. With increasing the deposition time t D $ 10 h, the intensity along (0 0 2) direction is decreased. Fig. 1 (b) reveals that the (002) peak position of ZnO samples that deposited at 6 and 12 h has been slightly shied to lower 2q values. However, the other samples show a shi to higher 2q values, which revealed that the inter-planar distance between the (002) planes was decreased and better crystallinity was achieved. For 6 and 12 h, the shi in peak position to lower 2q values refers to the increase of the inter-planar distance between the (002) planes due to the different strain levels in both samples and indicates the expansion of the lattice parameters. 60 According to Bragg's law:
where d is the inter-planar spacing, l is the wavelength of the used X-ray, and m is the diffraction order. A rise in "d" leads to a fall in 2q. Consequently, a variation of deposition time leads to a shi of the characteristic (002) peak to lower or higher angles, which affect the lattice parameters and the volume of the unit cell of the ZnO lms. Our results, therefore, indicate that the used technique is an efficient method to get ZnO lms free from impurity phases. XRD analysis detects no secondary phases, but the existence of secondary phases cannot be entirely excluded because of the limitations of the XRD characterization technique.
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The texture of a particular plane is represented by the texture coefficient (TC). If TC > 1, this refers to the preferred growth. TC is given as:
where I(hkl) and I o (hkl) are the measured relative intensity and JCPDS standard intensity, respectively, of a plane (hkl), N is the reection number, and n is the number of diffraction peaks. TCs values were calculated for the rst three main peaks in the XRD patterns. The values for (100), (002) and (101) are presented in Table 1 . The entire ZnO lms exhibit enhanced intensities corresponding to (002) peak when compared to (100) and (101) peaks. This indicates a preferential orientation along the c-axis, which is associated with the minimum value of the (002) surface free energy. The lowest three densities of the surface free energy are 20.9, 12.3 and 9.9 eV nm À2 for (100), (110), and (002) plans, respectively. 63 TC (002) of ZnO is increased by increasing the deposition time till 8 h and then decreased. Increasing deposition time always encourage the growth of ZnO crystallites in the (002) direction, and the highest TC (002) value of 5.6 is obtained for ZnO that fabricated at 8 h. This highly c-axis preferred orientation is critical for piezoelectric applications, i.e. ultrasonic oscillators and transducer devices.
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The crystallite size (D) of the ZnO lms was determined from the full width at half maximum intensity (FWHM), b, of the rst three peaks; (100), (002) Table 1 . The D value of ZnO lms is increased from 47.7 to 68.43 nm for t D # 8 h and decreased to $63.4 nm at 10 h. With increasing deposition time, the smaller crystallites in size are aggregated and the highest crystalline quality of ZnO lms could be obtained at 8 h.
Using the crystallographic plane indices (h, k, and l), the lattice constants (a and c) of the ZnO lms are calculated by using the following equations: Table 1 The XRD data for the ZnO films; the texture coefficient (TC), the crystallite size (D), the lattice parameter (a, c and volume of the unit cell V), the Zn-O bond length (L), u parameter, and the in-plane stress (O )
Lattice parameters
Deposition time effect@pH 6. The volume of the unit cell, internal parameter, and Zn-O bond length (V, u and L) of the hexagonal ZnO are calculated using the following equations:
The in-plane stress for hexagonal ZnO crystallites with a highly c-axis preferred orientation can be determined using the biaxial stress-strain model;
where c o is the corresponding value for bulk ZnO (5.2054Å). The negative (positive) sign of O indicates that the stress in the lms is compressive (tensile) in nature. The time effect could have induced stress in the lm and hence the shi in the diffraction peak. The calculated values of a, c, V, u and O are listed in Table  1 . In addition, the inuence of deposition time on the a/c ratio and Zn-O bond length (L) are depicted in Fig. 2 . As seen from Fig. 3(a) shows the XRD patterns of ZnO nanostructured lms deposited at varies pH values. It is noted that all the lms exhibit polycrystalline structures with similar features as XRD patterns of Fig. 1(a) . 57, 58 No phases related to metallic Zn or Zn compounds are observed at 5.5 # pH # 8. This means that the change of pH values did not change the hexagonal structure of the ZnO lms and the precursors were completely transformed into ZnO phase. At pH 5.5, the pattern shows sharper (100), (002), and (101) peaks with TC values of 1.004, 0.910, and 1.084, respectively. The lower values of texture coefficient reveal that the lms have reasonable crystallinity, almost, without preferential orientations. With the increase of pH to 7, the (0 0 2) peaks became stronger and sharper that demonstrated the better growth and crystallization of ZnO thin lms. For pH > 7, it was observed that there is a decrease in intensity along (0 0 2) direction. Fig. 3(b) reveals that the (002) peak position of ZnO has been slightly shied to lower 2q values by increasing pH value. Consequently, the increase of pH value leads to a shi of the characteristic peaks to lower angles and increase of the interplanar distance according to Bragg's law. Anandan and Muthukumaran 67 reported (002) peak shi to lower 2q values for the sol-gel prepared Y-doped ZnO nanopowder. Our results, therefore, indicate that our fabrication approach is an efficient method to get ZnO lms free from impurity phases.
TCs values at different pH values were calculated using eqn (5) for the rst three main peaks ((100), (002) and (101)) and presented in Table 1 . The entire ZnO lms exhibit enhanced intensities corresponding to (002) peak when compared to (100) and (101) peaks, which indicates a preferential orientation along the c-axis for TC (002) > 1 at 5.5 < pH # 8. This is associated with the minimum value of the (002) Table 1 . Also, the values of a, c, V, u and O are calculated and listed in Table 1 . In addition, the inuence of pH on the a/c ratio and Zn-O bond length (L) are depicted in Fig. 4 .
As seen from From the previous results, it can be concluded that a proper deposition time and pH can signicantly improve the crystalline quality of nanostructured ZnO thin lms. This may be interpreted in terms of the decrease in surface energy as the ZnO atoms are trapped at or migrate down the grain boundaries. 70 
Chemical composition
SEM/EDX spectroscopy is the best widely-used of the surface analytical techniques since it is inexpensive, relatively rapid, and basically a non-destructive approach to surface analysis. The analysis of the emitted EDX signals from the samples gives the quantitative elemental information. Fig. 5 shows the energy dispersive X-ray (EDX) spectra of ZnO nanostructures deposited at 8 h and (a) pH 6.5 and (b) pH 7. The quantitative analyses of the chemical composition of the fabricated ZnO thin lms are shown in the inset tables. The EDX spectra clearly conrm the presence of Zn and O peaks. There are three peaks relevant to Zn at around 1, 8.6, and 9.6 keV. In addition, Si, Ca, and Al signals are detected from the glass substrate in the EDX pattern. This is because EDX has a larger interaction volume than the thickness of the ZnO lm. As the pH value is increased from 6.5 to 7, almost all the traces signal from the substrate disappeared. The quantitative analysis of the ZnO at pH 6.5 is 84.7% Zn and 15.3% O, which indicates the high purity of the fabricated ZnO thin lm. Also, these ratios are very close to the ideal stoichiometric ratio between Zn and O atoms. By increasing pH to 7, the Zn/O ratio is increased as the pH value increased to 7. Therefore; the chart in Fig. 5(a) shows that the O signal not only comes from the ZnO thin lm but also from the glass substrate. When the deposition has been performed for 2 h, Fig. 6 (a), nanorods of random distribution was formed. The disordered growth of ZnO nanorods is due to the nature of the polycrystalline glass substrate. All of the ZnO nanorods display a perfect hexagonal shape throughout their lengths as shown in the SEM image and grow preferentially along the c-axis direction. These nanorods displayed average diameter and length of $200 and 600 nm, respectively. Fig. 6 (b) displays SEM image of ZnO nanostructured lm grown-up for 4 h. A random distribution of hexagonal nanodiscs was formed and accompanied with a few numbers of ZnO nanorods distributed in the ZnO lm. The nanorods have average diameter 400 nm and average length 480 nm. The morphology study of the grown ZnO lm for 6 h, Fig. 1(c) , shows a high density of hexagonal nanodisc formed with a very small number ZnO nanorods spread on the lm surface. The ZnO nanodisc takes different and random directions. As the deposition time is prolonged to 8 h, some cracks appear and the number of nanodiscs increase. Then, the simultaneous growth of an enormous number of nanodiscs limits their sizes and leads to strong interfere between these nanodiscs. Also, the nanorods are disappeared at the longer deposition time, Fig. 1(d) . The SEM images 1(a-c) clearly refer to the decrease of the ZnO nanorods density and the complete conversion from hexagonal nanorods into hexagonal nanodisc as the growth time increases. I. e., nanorods numbers decrease and numbers of nanodiscs increase as the time of deposition increased. For t D > 8 h, Fig. 1(e and f) , the density and surface area of the hexagonal nanodiscs is increased as the deposition time increased. As the deposition time increased, the discs become thin and interfere with each other. Also, the homogeneity of the lm is improved due to the uniform agglomeration of the discs which agrees well with the decrease of the stress values as depicts from XRD calculations Table 1 . In addition, the increase of surface area of the hexagonal discs as the deposition time increased is consistent with XRD results that revealed the growth of the crystallite size from 63.4 to 65.6 nm with increasing deposition time from 10 to 12 h. One of the important notes is that the measured sizes by FE-SEM appear to be greater than that calculated by XRD. This suggests that FE-SEM gives the rod or disc size that may be consisted of more than one crystallite, while the XRD gives the crystallite size. Fig. 7 shows the variation of the lm thickness in mm with the deposition time. As shown there are three regimes for the increase of the lm thickness. The thickness of the samples was increased from 582.8 nm at 2 h to 1.4 mm at 8 h and 2.392 mm at 12 h. Then, the vertical growth rate is decreased from 4.86 nm min À1 at 2 h to $3.04 nm min À1 at 8 h, and then increased again to 5.85 nm min À1 as the growth time increased from 8 to 12 h. The same result was obtained in a previous study by growing the concentration of OH À in the precursor. 65 When the OH À concentration is low, the crystal growth rate along the c axis is faster than the growth rate alongside any other direction.
Surface morphological analysis
Therefore, the ZnO sample shows the morphology of onedimensional nanorods. At high OH À concentrations in the precursor, the (001) surfaces of ZnO with tetrahedral zincs, usually, have terminal OH À ligands in solution. 71, 72 These ligands will prevent the newly produced ZnO clusters from the effective progression on the ZnO crystallites. Therefore, the crystal growth of the ZnO crystallites along the c axis is partially suppressed under this condition. However, they can still grow sideways and nally two-dimensional ZnO nanoplates are formed. In our experiment, ammonia reacts with water to produce ammonium hydroxide, which provides a continuous source of OH À for hydrolysis. Then, the concentration of OH À in the solution is increased as the growth time increased. Hence, the hexagonal nanorods ( Fig. 1(a) ) are converted into hexagonal nanodisc ( Fig. 1(c) ). These results revealed that the growth duration plays an important role in the morphology of the ZnO nanostructures. The ZnO nanorod size increases and the nanorods densities decrease when increasing the deposition time due to the Ostwald ripening.
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Fig . 8 shows FE-SEM images of ZnO nanostructured lms deposited at pH 5.5, 6, 7, and 8 for 8 h. As it can be seen, the lm deposited at pH 5.5 revealed well-dened morphology with stacked hexagonal slices or plate-like structures. Fig. 8(b) shows hexagonal plates with a random distribution of ower-like structure made up of the submicron rod-like structure. At pH 7, the morphology of the deposited ZnO lm, Fig. 8(c) , is almost hexagonal nanorods of average diameter 170 nm with a few number of nanodiscs. At pH 8, Fig. 8(d) , random distribution of hexagonal nanowires of different diameters is observed and vertically grown from the seeds on the glass substrate. Note that; the nanodiscs are completely disappeared. The length of the nanowires at pH 8 is higher than the length of the nanorods that grown at pH 7. For 9 # pH # 5, the seed layer is etched, and no ZnO nanostructures are grown by this technique.
Optical properties
3.4.1 Effect of deposition time. UV-vis transmission/ absorption spectroscopy is a powerful technique to explore the optical properties and band structure of semiconductor nanomaterials. The transmittance (T%) spectra of ZnO lms of different morphologies deposited onto the glass substrates at different deposition time are shown in Fig. 9(A) . It is seen, from Fig. 9 , that T%, A%, and R% values signicantly depend on the lm morphology. The nanorods morphology showed the lowest transmission and the highest absorbance and reection (spectrum a). As the nanodiscs grow at 4 h, the highest transmittance and the lowest absorbance are obtained (spectrum b). By increasing the deposition time, the transmission increased and absorbance decreased. By increasing the wavelength, the reectance increases and the absorbance almost decreases exponentially.
In most of the visible region of the spectra, T% is increased from 18% to 40% for the four-layered lm. However, T% values of 2 layers' lm increased from 5% to 10% by increasing the incident wavelength. For wavelength l > 800 nm, the A% values of all lms that deposited at a time greater than 2 h are smaller and close to zero. 42 Also, it is observed that the absorption edge shis to longer wavelengths with increasing the deposition time. This observation represents the rst indication of the tuning the optical band gap (E g ) of ZnO lms aer particular deposition time.
Using the recorded transmission (T) and reection (R) spectra, the absorption coefficient (a) was calculated using the general expression:
where d being the lm thickness that measured by FE-SEM images and the values are presented in Fig. 7 . The calculated a values were used in the determination of the extinction coefficient (k ¼ al/4p) of the lms. k reects the absorption of electromagnetic waves in the semiconductor due to inelastic scattering events.
75 Fig. 10 shows the dependence of k values of the lms of a different thickness on the wavelength. As seen, a clear absorption band centered at 355 nm that signicantly enhanced and shied to 365 nm with increasing the deposition time till 6 h, which may be ascribed to the conversion from nanorod to nanodisc morphology. The absorption band shied to lower wavelength at 8 h, and then shied to longer wavelengths by increasing the deposition time to 12 h. The k values sharply decrease with increasing l in the UV region. In the visible region, k values are between 0.02 and 0.07. However, in the region l > 600 nm, the k values are very small and constant.
The optical band gap energies can be estimated on according to the following equation, assuming direct transitions between the valence and the conduction bands.
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where E photon ¼ hn is the discrete photon energy and E g is the band gap energy. B is a temperature independent constant that depends on the refractive index, n o . B is given by.
where s o is the electrical conductivity at the absolute zero and E U is the Urbach energy. The energy intercept of the plots of (ahn) 2 vs. hn yields E g for a direct transition, as shown in Fig. 11(a) . The corresponding E g values are listed in Table 2 . As seen from Fig. 10(a) and Table 2 , the E g of nanostructured ZnO lms is blue shied from 2.45 to 3.62 eV as the deposition time increased from 2 to 8 h, and then red-shied to 2.78 eV as the deposition time increased to 12 h. The blue shi may be ascribed to the development of a resonance structure in the density of states, as well as a split-off band by introducing deep states in the band gap. 78 Tuning the E g values of ZnO lms by controlling the lm morphology may, therefore, be used for broadening the optoelectronic and photovoltaic applications of these lms. Urbach energy (E U ) refers to the width of the exponential absorption edge (the tail) and can be calculated by the following relations:
where a 0 is the band tailing parameter that can be found by:
where s o is electrical conductivity at absolute zero, c is the velocity of light, DE is the width of the tail of localized states in the forbidden gap. The values of the E U were obtained from the slopes of the linear tting of the plots of ln(a) versus hn, Fig. 11(b) . The obtained E U values are listed in Table 2 . E U increases from 430 to 836 meV as the deposition time increased from 4 to 8 h and then it decreases to 108 meV with the increasing of deposition time to 12 h. The highest E U , 836 meV, is obtained for the hexagonal nanodisc morphology@8 h, which may be ascribed to the surface roughness and the disorder of the hexagonal morphology of the nanodiscs as shown from SEM image, Fig. 6(d) . Also, E U for the nanorod morphology@2 h is very high, E U ¼ 797 meV. The E U is attributed to the disorder in the material that leads to the tail in the valence and conduction bands. 81 Therefore, these results conrm the XRD measurements, where the crystalline planes of the ZnO lm@2 h shows the lowest preferential orientation along the c-axis (002) direction compared to the other ZnO lms.
3.4.2 Effect of pH. Fig. 12 shows optical spectra of nanostructured ZnO lms deposited for 8 h at different pH values onto the glass substrates. It is seen that T%, A%, and R% values signicantly depend on the lm morphology, pH value, and wavelength of the incident photons. The absorbance and reectance decrease, whereas the transmittance is increased as the wavelength increased. The stacked hexagonal slices or platelike structures that grown at pH 5.5 (spectrum a) shows the highest transmission and the lowest reection. Whereas, the uniform nanorods morphology (spectrum c@pH 7) showed the lowest transmission and the highest absorbance and reection. The values of transmittance and reectance of the lms that fabricated at pH 6 and 8 are altered between the values of spectra a and c. In most of the visible region, T% values of the uniform nanorods lm are very close to zero and R% is very close to 97%. At pH 5.5, the absorption edge is located at 365 nm and shied to 355 nm as the pH increased to 6. The absorption edge of the nanorods morphology that deposited at pH 7 is located at 380 nm and then shied to 345 nm as the pH increased to 8. This observation represents an indication of the tuning the optical band gap (E g ) of ZnO lms aer particular pH value.
Using eqn (11), the a values were calculated and used to determine the extinction coefficient (k ¼ al/4p) of the lms at different pH values. Fig. 13 shows the dependence of k values of the lms that fabricated at different pH values on the wavelength. At pH 7, a clear absorption edge is observed at 385 nm, whereas the other lms are showed two bands centered at 305 and 360 nm. The band at 305 nm is signicantly enhanced as the pH value increased. The k values sharply decrease with increasing l in the UV region. In the visible region, k values are altered between 0.02 and 0.05 except at pH 7 the k values increased exponentially to 0.1.
Using eqn (12), the energy intercept of the plots of (ahn) 2 vs.
hn yields E g for a direct transition, as shown in Fig. 14(a) . The corresponding E g values at different pH values are listed in Table 2 and plotted in Fig. 14(b) as a function of the pH value. As seen from Fig. 14(b) and Table 2 , the E g of nanostructured ZnO lms is blue shied from 2.72 to 3.62 eV as the pH value increased from 5.5 to 6.5, and then red-shied to 2.78 eV as the pH value increased to 8. Tuning the E g values of ZnO lms by controlling the pH value and hence the lm morphology may, therefore, be used for broadening the optoelectronic and photovoltaic applications of these lms. Fig. 14(c) shows the plots of ln(a) vs. hn. The values of the E U were obtained from the slopes of the linear tting of this gure.
The obtained E U values are listed in Table 2 and plotted in Fig. 14(d) . The minimum E U , 65 meV is obtained at pH 7 and the maximum value, 836 meV, is obtained at pH 6.5. The E U is attributed to the disorder in the material that leads to the tail in the valence and conduction bands. 81 Therefore, this is consistent with the XRD results, where the crystallinity enhancement is related to the decrease in the defects and charge carriers and vice versa.
72 Also, this is consistent with the highly ordered nanorods morphology that obtained at pH 7.
Contact angle measurements
Wettability is a very important property governed by the geometrical structure and chemical composition of solid surfaces. 82, 83 However, to fully utilize the hydrophobic properties of nanostructured surfaces, it is necessary to study the fundamental relationship between the different nanostructure and the hydrophobic behavior. Two theoretical models (Wenzel model and Cassie-Baxter model) form the basic guidelines for the study of the hydrophobic surface. 84, 85 For a liquid drop on a solid surface, the contact angle, Q, is determined by the surface free energies involved: (16) where g sv , g sl and g lv are the (solid/vapor), (solid/liquid), and (liquid/vapor) tensions, respectively. The main feature of the ZnO-based nanostructures is its gradual transition between different hierarchical morphologies, which allows us to investigate the geometrical effects on the wetting behavior of the samples. The static water contact angle (WCA) is measured through sessile drop method. A 5 ml drop of distilled water was position on the surface with micro-syringe. WCAs were measured at ve equidistant and images were recorded in each position was averaged. Fig. 15 Fig. 15(b) . This decrease or increase in the wettability is purely due to the surface morphology effect in which the air interfaces or grooves between the individual structures can minimize the contact angle. It is already established that the surface roughness and the surface free energy together are the measure of the wettability of a surface. Such roughness is insufficient to form an increased hydrophobic surface because of the high surface polarity that makes the water ll the grooves very easily through capillary action.
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Then, the hydrophobic ZnO nanostructured lm can be fabricated by optimizing the pH value at 6.5 and the deposition time at 8 h, whereas the hydrophilic nanostructured ZnO lms can be obtained by increasing pH value to 8. These results could be ascribed to the crystallinity and microstructural changes that occur by tuning the deposition time and pH value. A high surface energy material directly formed a hydrophilic surface. 82 The three lowest density of the surface free energy is 9.9, 12.3 and 20.9 eV nm À2 for (002), (110) and (100) plans, respectively. 87 The preferred orientation along (002) direction seen in ZnO lms signicantly decreased aer 8 h deposition time and pH value 6.5. This means that the crystallinity deterioration leads to increase of the surface free energy of the lms at higher pH value and hence reducing Q values. Moreover, it was reported that the wettability of a surface can be enhanced by increasing the surface roughness within a special size range because the air trapped between the water droplet and the solid surfaces can minimize the contact angle.
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This support our data as there are changes in the surface morphology (as seen in Fig. 6 and 8 ) due to the change of the deposition time and the pH value. Similar results were reported for ZnO nanorods 89 and thin lms prepared by radio-frequency (RF) magnetron sputtering. 31 
Conclusion
ZnO nanostructured thin lms of different morphologies were successfully grown on glass substrates at different conditions by a simple two-step wet chemical method. A low-cost successive ionic layer adsorption and reaction (SILAR) method was used to grow ZnO seed layers at 80 C. Then, different hierarchical based ZnO nanostructured thin lms were deposited onto the ZnO seed layers by chemical bath deposition (CBD). The inu-ence of deposition time (t D ) and pH on the surface morphology, wettability behavior, structural and optical properties of the ZnO nanostructured lms were systematically investigated. The structural and morphological properties were studied by X-ray diffraction (XRD) and eld emission scanning microscopy (FE-SEM). The optical and wetting properties were investigated by UV-Vis spectrophotometer and water contact angle measurement, respectively. The study of the surface morphology revealed a complex and orientated hierarchical based ZnO nanostructured lms with diverse shapes from hexagonal nanorods to hexagonal nanoplates or nanodiscs and even much more complex discs/rods and ower-like shapes by changing deposition time and pH of the precursor. XRD results conrm the synthesis of nanostructured ZnO of the hexagonal structure with a preferential orientation along (002) lattice plane. The average crystallite size, D, is increased from 47.7 to 68.43 nm for t D # 8 h and decreased to $63.4 nm at 10 h. Also, D value is increased from 41.41 to 68.43 nm by increasing pH from 5.5 to 7; then it decreases to 58.87 at pH 8. At pH 6.5, the lms are hydrophilic for 10 h # t D # 6 h and hydrophobic for 6 h < t D < 10 h. The wetting properties of the lms were enhanced by increasing or decreasing pH around 6.5. Morphology and thickness of ZnO nanostructure could efficiently control transmittance, absorbance, optical band gap, and the extinction coefficients of the lms. The optical band gap is blue shied from 2.45 to 3.62 eV, and the contact angle is increased from 35 to 135 AE 2 as the deposition time increased from 2 to 8 h. Also, the Optical band gap is blue shied from 2.72 to 3.62 eV and contact angle is increased from 30 to 135 AE 2 as the pH value increased from 5.5 to 6.5. The existence of stable hydrophobic zinc oxide nanostructured lms at room temperature with largescale and band gaps around 3.62 eV supports their use in selfcleaning and gas sensing applications.
